Abstract-The study of human motor control using functional magnetic resonance imaging gives rise to many challenges. One of them is the design of haptic interfaces that are compatible with the magnetic field. To achieve this, the existing haptic interfaces employ parallel kinematics. However, they are limited to three degrees of freedom (DOFs). When trying to offer more DOF without floating actuators, parallel kinematics suffer from direct kinematic singularities, and thus, strong mechanical anisotropy. In this paper, we determine an optimal six DOF kinematics that overcomes these limitations. To this end, we use performance indices such as singularity occurrence, worst case output capabilities, sensitivity, and the global isotropy index. The resulting Octopod kinematics avoids a range of direct kinematic singularities by design. Finally, we present and evaluate a non-magnetic-resonance-compatible prototype of this novel type of kinematics.
kinematic singularities. Direct kinematic singularities result in the gain of an uncontrollable DOF, while inverse kinematic singularities lead to the loss of one DOF [4] . If these singularities occur inside the desired workspace, they render the parallel kinematics unusable as haptic interfaces. Besides the kinematic structure, the actuation principle plays an important role for magnetic resonance (MR)-compatibility. The haptic devices are actuated by shielded direct current (dc) motors [2] or by rotary traveling wave ultrasonic motors (USMs) [1] , [3] . Advantages of USMs over linear actuation possibilities, such as pneumatic or hydraulic pistons, have been discussed by Klare et al. [1] . However, the position control of USMs remains challenging [5] . Hence, designing an MR-compatible haptic interface using USMs consists of two separate tasks: 1) development of a position controller for USMs; and 2) designing a parallel kinematics. In this paper, we focus on the latter challenge with specific focus on designing a kinematics with six DOF.
In literature a range of kinematics have been proposed. Klare et al. [1] has adopted the well-known Delta kinematics for the design of an MR-compatible haptic interface. This type of kinematics provides three translational DOF and is not subject to direct kinematics singularities. However, the operator has restricted natural motions, since he cannot rotate the end effector. Pierrot et al. [6] showed that the HEXA, which uses a fullyparallel kinematics, is a straightforward extension to the Delta robot providing six DOF. Criteria for his design were maintaining nonfloating rotational actuators, high dynamic capabilities with six DOF, and simplicity. The HEXA has six identical legs, each one actuated by a rotary actuator and composed of two spherical joints. These so-called RSS legs are arranged in pairs. When each pair moves simultaneously, the HEXA operates like the Delta only in three translational DOF. Due to the benefits of this type of kinematics with six DOF, a range of variants have been used as prototypical haptic interfaces in [7] [8] [9] . However, direct kinematic singularities occur and restrict the workspace.
Commercial haptic interfaces, on the other hand, increase the singularity-free workspace of kinematics with six DOF by employing hybrid parallel-serial architectures. For example, the omega.6 or sigma.7 from force dimension are based on Delta kinematics with three translational DOF. Actuators at the end effector are in series with the Delta kinematics and add three rotational DOF. This comes at the cost of reduced output capabilities and increased inertia [10] . Moreover, MR-compatibility issues are likely to arise since floating actuators are employed.
In this paper, we propose a parallel kinematics that provides six DOF, avoids singularities by design, and does not employ floating actuators. The kinematics is driven by rotary actuators such that it can be built using MR-compatible USMs. Thus, the main contribution of this paper is a novel Octopod kinematics that is systematically developed by comparing existing Hexapods based on quantitative performance criteria. These criteria include singularity occurrence, isotropy, sensitivity, as well as worst case output capabilities. To this end, also a comprehensive algorithm to determine maximum sensitivity and worst case output capabilities of actuation-redundant parallel kinematics is introduced. Finally, the kinematics is realized as a non-MRcompatible prototype. This allows the study of the kinematics independently from position control issues of USMs.
This paper is structured as follows. Section II specifies the design criteria and presents the selection procedure for the haptic interface. The kinematics selection and design optimization are described in Section III. The results are discussed in Section IV and conclusions are drawn in Section V.
II. DESIGN CRITERIA AND PROCEDURE, AND PERFORMANCE INDICES
This section presents the design criteria that should be met by the kinematics. It also outlines the procedure to fulfill these criteria. Moreover, the performance indices that were applied within the procedure are introduced.
A. Design Criteria
The goal of this paper is to develop a haptic interface that fulfills the following design criteria.
1) Six actuated DOF that enable the operator to perform natural, unconstrained movements: d = 6. 2) Rotary, nonfloating actuators directly at the joints that allow obtaining a parallel kinematics that can be built using USMs. Hence, only the first joint of each leg should be actuated and the number of legs L has to be at least as big as the number of DOF: L ≥ d.
3) The minimum output capabilities should be 1 m/s for the translational velocity and 9.81 m/s 2 for the translational acceleration to provide a natural feeling as specified by Fisher and Daniel [11] .
4) The dexterous workspace should be free of singularities, have a minimum volume of 150 mm × 150 mm × 150 mm and provide ±30
• of rotational DOF around all axes of the end effector [11] . This allows natural reaching motions including arm transport.
5) The mechanical isotropy should be optimized to render a virtual environment with the same fidelity in the entire workspace. 6) The maximum sensitivity of the device should be quantifiable in terms of force, torque, position, and orientation, in order to estimate worst case error amplification.
B. Adopted Procedure for Kinematic Selection and Design Optimization
In order to meet our design criteria, the kinematics is selected and optimized using the following four step procedure.
In the first step, existing fully-parallel kinematics with rotary actuators are selected. Then, a parametrized description of these kinematics is defined to be able to compare them systematically.
In the second step, we determine a kinematics among the existing configurations that is optimal regarding our design criteria quantified by means of performance indices. Several indices have been introduced to determine the kinematic and dynamic performance of parallel manipulators as well as haptic interfaces [7] , [12] [13] [14] [15] . Here, we focus on performance indices that allow meeting our design criteria: Worst case output capabilities to guarantee required minimum output capabilities, singularity occurrence to avoid singularities within the dexterous workspace as well as the global isotropy index (GII) [12] to provide mechanical isotropy. Moreover, the sensitivity is evaluated in order to quantify maximum error amplification. Finally, the size of the dexterous workspace is calculated such that it guarantees the minimum required volume.
In the third step, the optimal kinematics resulting from the selection is enhanced systematically. Kinematic or actuation redundancy can be employed to further reduce singularity occurrence [4] . This also enhances isotropy as well as output capabilities as will be shown in this paper. Redundancy can also be employed to provide additional DOF, e.g., for grasping [16] . Kinematic redundancy means that at least one linkage is a motion generator of more DOF than necessary. Actuation redundancy means that the number of DOF is overconstrained by the number of actuators and is again split up in two classes: In-branch redundancy, where at least one leg has more actuated DOF than necessary; and branch redundancy, where the end effector is overconstrained by at least one kinematic chain. In-branch redundancy requires floating actuators or has to be realized via linkages from additional motors to the joints that should be actuated. This results in quasi-in-branch redundant kinematics [9] , but requires complex kinematic chains. Here, we suggest a branch-redundant solution. It enlarges the singularityfree workspace and maintains the simplicity of the nonredundant kinematics. An additional pair of legs overconstrains the end effector of a Hexapod and results in an Octopod configuration.
In the fourth and final step, a mechatronic prototype of the kinematics is realized. To achieve the desired performance, also backlash, friction, and mass have to be minimized, which is done during the mechanical design process of this work. The prototype is then employed to validate the kinematics.
C. Performance Indices
The performance indices employed in this paper and used for selection as well as optimization of the kinematics mostly rely on the Jacobian matrix. For parallel manipulators, the Jacobian is often decomposed and yields the relation between actuator velocitiesq and output velocitiesẋ as
Here, J q is a square L × L matrix and J x is a L × d matrix, where d is the number of DOF of the device and L is the number of legs and actuators. J x is square for nonredundant actuation. The Jacobian for parallel manipulators is then typically expressed as
and the force/torque output capabilities are denoted by
This establishes the relation between the actuator torques τ and the end effector wrench f . Note that this definition is different from serial manipulators. The Jacobian can be employed to measure closeness to singularities [17] , isotropy [12] , as well as output capabilities of the device such as forces, torques, or velocities [18] . 1) Kinematic Singularities: The major problem of parallel kinematics with more than three DOF are kinematic singularities. In many applications singularity-free trajectories are computed for the end effector. But in case of a haptic interface, the operator can drive the kinematics into a singular configuration. Mathematically, inverse kinematic singularities occur when J q drops rank, while direct kinematic singularities are present when J x drops rank. Typical inverse kinematics singularities are found at the border of the workspace and thus, can be avoided by restricting the workspace. However, this does not guarantee avoiding all singularities of this type. Direct kinematic singularities result in the gain of an uncontrollable DOF and are often found within the workspace. In this paper, we use the word "singularity" to refer exclusively to direct kinematic singularities.
Singularity occurrence can be explained geometrically using Grassman geometry [19] . The closeness to singularities can be measured by singular values of J x or J, respectively [17] . This is computationally easier than computing geometric configurations leading to a singularity. However, the workspace has to be sampled very precisely during the design phase to detect as many singular configurations as possible. Methods like the interval-based analysis [20] circumvent this issue by using branch-and-prune algorithms. In this study, we employ the CuikSuite toolbox [21] to detect singularities. The toolbox uses a branch-and-bound algorithm and is geared toward singularity detection in closed kinematic chains. Still, we would like to emphasize that this is not a formal proof since any numerical software tool has tolerances, which have to be taken into account.
2) Isotropy: The Jacobian can also be employed as a measure of isotropy or manipulability. Mechanical isotropy provides homogeneous output capabilities in the entire workspace. It facilitates actuator choices as well as controller design. Global isotropy makes it possible to render physical contacts with the same fidelity at every point in the workspace for every end effector pose. Manipulability or isotropy are determined locally by the condition number κ, which is given by
where σ min and σ max are the minimum and maximum singular values in a specific pose. This index is expanded to the entire workspace by applying the GII. The GII characterizes global mechanical isotropy of a kinematics and has been introduced by Stocco et al. [12] . It describes the ratio of minimum and maximum singular values of the Jacobian σ min and σ max in the entire workspace. This index is bounded between zero and one. A GII of one represents a kinematics that is perfectly isotropic with the same output capabilities in every pose. A GII close to zero stands for a kinematics that has at least one singular configuration within its workspace. Here, a GII optimization, using the culling algorithm [12] , is applied to determine the kinematics with the best isotropy from a parametrized description of the known manipulators, as depicted in Fig. 2 . This allows the determination of the kinematics with best isotropy, given a certain parameterization, even if it is a hybrid solution of the known kinematics. To account for nonhomogeneous physical units in the Jacobian, a scaling matrix as proposed by Stocco et al. [22] is employed.
3) Worst Case Output Capabilities: Hayward and Astley [15] suggest to identify, besides other criteria, the best and the worst case output capabilities of haptic interfaces. They encompass force, torque, velocity, and acceleration. This allows us to determine if a kinematics can achieve the desired minimum velocity and acceleration capabilities. Ueberle [18] introduced an algorithm to evaluate the worst case output capabilities of nonredundant manipulators. Here, we propose an extension to the case of actuation-redundant kinematics. This is required, when analyzing the proposed Octopod kinematics. First of all, the equations of the output capabilities of a parallel manipulator are given byẋ
where J # is the generalized Moore-Penrose pseudoinverse, defined as
These equations relate actuator capabilities, such as velocitiesq and torques τ , to end effector capabilities, namely its velocitiesẋ, its wrench f , and its accelerationsẍ. The relations build on the Jacobian J and the mass matrix in joint space M q (q). All relations can be generally written as
whereĴ trans andĴ rot are the submatrices denoting the translational and the rotational part ofĴ. The actuator torques and velocities are expressed by p and the output capabilities by u trans as well as u rot . The worst case output capabilities are then formulated as the minimax optimization problem
where || · || denotes the L 2 norm and p min and p max are the minimum and maximum output capabilities of the actuators. Ueberle [18] shows that the problem can be converted into six linear least squares problems for the nonredundant case, L = d. This holds true in this situation since the minimum of the maximum achievable outputs of the end effector are found on hyperplanes, each one defined by at least one saturated actuator i, such that
whereĴ i is obtained by deleting the ith columnĵ i ofĴ, and p i is p min or p max . Additional constraints such as
can be included in a straightforward manner [18] . Here,ĵ i is the ith column of the Jacobian matrix and p i is the maximum output of the ith actuator in terms of torque or velocity. This allows evaluating the worst case output capabilities, e.g., for pure force at zero torque output. However, in case of actuation-redundant kinematics, the minimax optimization problem (9) cannot be converted into a linear least squares problem. The additional actuators lead to infinite many solutions of (10) and (11) with a minimum output capability of zero.
In this paper, we present an algorithm that allows obtaining the worst case output capabilities of actuation-redundant kinematics. In case of nonredundant kinematics, it yields the same results as (10) and (11) . To this end, we combine the work by Ueberle [18] with another approach by Krut et al. [23] , who introduced an algorithm that computes a wrench polytope in task space, in order to find the "maximum operational isotropic force." The polytope in task space can be determined for both redundant and nonredundant kinematics, since each of its vertices is defined by all actuators saturating at their minimum or maximum output capability p min or p max , respectively. Hence, all vertices and thus, all hyperplanes that constitute the polytope can be computed. The shortest distance from the origin to the surface of the polytope in task space then constitutes the worst case output capabilities. Krut et al. [23] determined the worst case wrench. In addition, we also compute worst case velocities or accelerations by considering the equations used by Ueberle [18] (5)-(7). Also, additional constraints as in (12) such that pure translational or rotational outputs can be evaluated, are added to our computation. This yields an algorithm with four steps, which we call the "polytope algorithm" here. The algorithm requires the generalized JacobianĴ as well as the maximum actuator output capabilities in terms of velocity, force, and resolution p i as inputs. The output of the algorithm are minimum and maximum ||u min,max || achievable capabilities in terms of force, torque, velocity, acceleration, and sensitivity at the end effector. An example in three DOF is depicted in Fig. 1 .
The reduction to three DOF is carried out in order to visualize the results, but all steps also apply to kinematics with more DOF. The algorithm proceeds as follows: a) Finding all vertices of the wrench, velocity, and acceleration polytope: First of all, the vertices of the wrench, velocity, and acceleration polytope are computed. To this end, (8) L . An example, with a two dimensional force and a one dimensional torque output, is depicted in Fig. 1(a) . 
b) Determining the convex hull of the polytope:
The convex hull of the polytope in R d is described as
(13) Readily available algorithms such as quickhull are embedded in the MATLAB environment, such that (13) can be solved. The result for our example with d = 3 is depicted in Fig. 1(b) , yielding a cuboid hull.
c) Slicing the polytope along the dimensions that should be evaluated: If only output capabilities along r DOF of the end effector should be evaluated, e.g., only force at zero torque output, the polytope is sliced along the DOF of interest. The result is a reduced convex hull Conv(S) red in R r , with 0 < r < d that is obtained via
where Conv(S) r ∈ R r is infinitely large. In the example depicted in Fig. 1(c) , the polytope is sliced along the xy plane, such that r = 2. The result is the shaded blue area, in order to evaluate pure force at zero torque output.
d) Computing the minimum distance from the origin to the surface of the polytope: In the final step, the minimum distance from the origin x 0 to the surface of the reduced convex hull Conv(S) red is computed. In Fig. 1(d) this is indicated by a red arrow. Using the minimum distance
worst case output capabilities are quantified. 4) Maximum Sensitivities: Maximum point-displacement and rotation sensitivity has been introduced by Cardou et al. [24] and can also be determined with the "polytope algorithm." This requires using (5) and consideringq as normalized actuator displacements, such that ||q|| ∞ = ||Jx|| ∞ = 1 rad. Force and torque sensitivities are determined analogously using (6) and
This means the actuator output capabilities are normalized to p i = ±1 rad and
The algorithm is carried out similarly and in its last step, with the maximum distance
maximum sensitivities are quantified. In Fig. 1(d) this is indicated by a green arrow. 5) Dexterous Workspace: Improved output capabilities can be achieved at the cost of a reduced dexterous workspace: The workspace could be reduced to a small entity with optimal output capabilities. Hence, the dexterous workspace should be taken into account as a performance index. It denotes the volume V in which the end effector can achieve orientations within a specified range [4] and minimum output capabilities can be provided such that
Here,ẋ min ,ẍ min , and f min denote the minimum required output capabilities in terms of velocity, acceleration, and wrench, respectively. This workspace is computed from the inverse kinematics, where an over-approximation of the workspace is sampled. Then, only configurations, where the joint angles are real and in a valid range are retained.
III. KINEMATICS SELECTION AND DESIGN OPTIMIZATION
In the following section, we apply the performance indices within our proposed four step procedure. This allows us to obtain an optimal kinematics that meets our design criteria.
A. Step 1: Selection of Fully-Parallel Kinematics With Rotary Actuators
In the first step, kinematics are selected for comparison. A wide range of parallel kinematics exists but here we focus on fully-parallel kinematics [6] with nonfloating rotational actuators. This allows the conception of an MR-compatible device actuated by USMs. The RSS kinematics meets these criteria and has been introduced by Hunt [25] already in 1983. Since the kinematics is simple and provides high dynamic capabilities [6] , various variants [6] [7] [8] [9] have been employed as haptic interfaces. In most cases, the original RSS chains are reduced to RUS chains, by replacing one spherical joint with a universal joint, without the loss of DOFs at the end effector. Pierrot [6] showed that his 6-RUS variant, the HEXA, is a straight-forward extension to the singularity-free Delta kinematics.
Further variants generalize the RUS chain to an RRRS chain as done by Ergin and Peer [8] . These simplifications allow the use of rotary joints only and increase the workspace [8] . A general description of a 6-RSS manipulator is depicted in Fig. 2 . Three parameters make the difference between the Hunt-type kinematics, Ergin's device, and the HEXA: 1) angle β at the base; 2) length l 2 ; and 3) angle γ at the end effector. For the Hunt-type kinematics angles γ and β as well as l 2 are zero. In comparison, γ is nonzero for the HEXA. In case of Ergin's device both γ and β as well as l 2 are nonzero. Among the variants of the RSS kinematics it remains unclear which one is an optimal haptic interface. Here, the HEXA [6] , the iFeel6.0 [7] that implements the Hunt-type kinematics, and Ergin's device [8] were chosen for comparison.
B. Step 2: Determination of an Optimal Kinematics
In the second step, the selected kinematics were evaluated based on singularity occurrence, GII, worst case output capabilities, maximum sensitivity, and dexterous workspace.
1) Singularities:
The three selected kinematics were tested for singularity occurrence in the reachable workspace. Only translational displacements at zero rotational angles were considered for illustration. Conditioning the end effector to zero rotations restricts the number of singularities that can be detected and has been done to maintain a reasonable computation time. Singularities were detected via the CuikSuite toolbox and the result is shown in Fig. 3 . The Hunt-type kinematics is free of singularities in the translational workspace, unlike Ergin's device or the HEXA. Ergin's device suffers from singularities within its entire workspace. Singularities of the HEXA occur in three distinct regions of the workspace. Generally, singularities of Hexapods can be analyzed using Grassman geometry. Merlet has shown that singularities of parallel robots with at least six limbs occur when the lines along the limbs lie in one linear complex approximation (LCA) [19] . Two typical types of singularities of RSS Hexapods are depicted in Fig. 4 . Hunt's singularity occurs when the end effector is coplanar with two terminal links of the RSS legs [26] . All lines along the terminal links lie in one LCA around which an uncontrolled DOF occurs. In Fichter's singularity, the end effector describes an uncontrollable screw motion along the z P axis that aligns with the LCA [26] .
2) Isotropy: The isotropy of the known kinematics is compared via a GII optimization. Three parameters, as detailed earlier and depicted in Fig. 2 , determine the difference between Hunt-type kinematics, Ergin's device, and HEXA: Angle β at the base, length l 2 , and angle γ at the end effector. Distance l d was found to be another important parameter and was also considered during the optimization. The total length of each leg remains constant, which is ensured by keeping l 2 + l 3 constant. Baseline geometric characteristics were taken from Ergin's device [8] . The step sizes were chosen as 5 mm for l 2 and l d , and as 10
• for both β and γ. The resulting parameter space is summarized in Table I . The step size was restricted such that it guarantees reasonable computation times. The optimization also allows hybrid solutions of the three kinematic structures. The parameters that remain constant are the length of the first link in each leg l 1 = 157 mm as well as the radius of the base l 0 = 152 mm and the end effector l p = 55 mm. These parameters do not contribute to the structural difference between the three kinematics to be compared. The translational workspace is a cube of 150 mm edge length, sampled with a step size of 10 mm and an offset along the z 0 axis of 0.30 m, see Table II . The rotations around each axis of the end effector are limited to ±20
• with a step size of 5
• . The maximum orientations of the end effector have been restricted to 20
• for the optimization, since the kinematics fall into a perfect Hunt-type singularity for larger orientations within the desired dexterous workspace and hence, the minimum singular value σ min depends only on the numerical precision and the GII is meaningless.
The optimization was computed using the culling algorithm [12] . The scaling matrix S T [22] was set to S T = diag [15N 15N 15N 1N · m 1N · m 1N · m] to account for nonhomogeneous physical units in the Jacobian. The scaling matrix is also a design choice and contains the desired magnitude of the end effector wrench. The quantities were chosen as the originally intended output capabilities for Ergin's device [8] .
The optimum for the GII was found for l 2 = 0 mm,
• , and d = 20 mm. Here, the GII is 0.0006 with σ min = 0.0127 and σ max = 20.0052. Hence, regarding the GII in the chosen parameter space and workspace, the Hunt-type kinematics, with a minimum distance l d , was found to be the optimal configuration among the 6-RSS kinematics that were studied.
3) Workspace, Worst Case Output Capabilities, and Sensitivities: Besides singularity avoidance, the criteria of output capabilities within the desired dexterous workspace have to be met. The workspace should dispose of a volume of 150 mm × 150 mm × 150 mm, where rotations of ±30 • around all axes are achievable. The volume of the workspace is depicted as a red cube in Fig. 5 . The worst case output capabilities are analyzed for the selected kinematics. The kinematics are evaluated within the desired workspace volume with rotations restricted to ±20
• around all axes to avoid Hunttype singularities. To evaluate the output capabilities and sensitivities, the algorithm by Ueberle [18] and the "polytope algorithm" in case of an actuation-redundant device are applied, respectively. The actuators, as used by Ergin and Peer [8] Table III . Here, the Hunt-type kinematics shows the best maximum performance among the nonredundant kinematics in terms of worst case output capabilities. Interestingly, it is not systematically better than the other kinematics regarding the maximum sensitivity that quantifies worst case error amplification.
C. Step 3: Redundant Extension of the Optimal Kinematics
In the third step, we would like to further enhance the bestperforming kinematics, i.e., the Hunt-type kinematics. Of major concern are the rotations of the end effector that are restricted to ±20
• . Even in this range, the minimum continuous torque is only 0.05 N · m, as presented in Table III . Redundancy can be employed to improve upon this issue and further enhance all output capabilities. Here, we use branch redundancy, instead of in-branch redundancy or kinematic redundancy, in order to avoid floating actuators or high mechanical complexity due to complicated kinematic chains. Moreover, in order to keep the number of required actuators low, we add only one pair of legs. Finally, we would like the isotropy of the device to be unimpaired by this modification and thus, aim for a symmetric shape of the kinematics. Thus, we propose an extension of the Hunttype kinematics to an Octopod kinematics with four symmetrical pairs of legs. This should further decrease singularity occurrence, improve the GII as well as output capabilities. As shown in Table IV , the GII increases by a factor of 13 while the minimum singular value increases by a factor of 18. Hence, the Octopod will show more isotropic behavior than the Hunt-type kinematics and is less likely to be trapped in singular configurations. Note that redundant kinematics such as the Octopod cannot be analyzed using the CuikSuite toolbox.
The desired dexterous workspace can be covered by the Octopod kinematics and its entire translatory workspace is depicted in blue in Fig. 5 . The worst case output capabilities of the redundant Octopod kinematics are evaluated using rotations of ±30
• around all axes. They are computed by employing the proposed "polytope algorithm." The actuator performance and Cartesian mass matrix was adopted from Ergin's device [8] . The worst case output capabilities of the Octopod kinematics in the plane of z = 0.30 m are depicted in Fig. 6 . This is the same plane that was used for the evaluation of Ergin's device [8] .
A force polytope that results from the evaluation of the Octopod kinematics is depicted in Fig. 7 . The minimum force at zero torque is represented by a sphere inside the polytope that is tangential to the surface closest to the origin.
The worst case output capabilities of the Octopod kinematics within the desired workspace, are listed in Table III . All nonredundant kinematics are outperformed by the Octopod kinematics in terms of minimum force, torque, and acceleration. The desired minima of acceleration and velocity can be achieved by the Octopod kinematics, also with rotations as high as ±30
• around all axes. Moreover, the worst case maximum sensitivities of the redundant kinematics are also listed in Table III . The maximum force sensitivity increases, compared to the Hunt-type kinematics, whereas the other sensitivities show no significant change.
Even though the performance of the Octopod kinematics improves in many respects, control challenges arise: First of all, the resolution of the pseudoinverse is computationally intensive and restricts the maximum sampling time. Second, the redundancy generates internal tensions at the overconstrained end effector due to the geometric imperfections of a real system, measurement errors, or independent control of all actuators [27] . In order to address the issue of an overconstrained end effector, advanced control schemes have been proposed [27] [28] [29] . They augment standard proportional-integral (PD) or torque control in order to nullify internal forces [28] , apply coordination motion control that takes into account parasitic forces due to tracking errors of neighboring kinematic chains [29] , or propose a projection method for the elimination of contradicting decentralized control forces [27] . These advanced control methods were all evaluated using redundant parallel kinematics with two DOF. A thorough comparison of their performance with the MR-Octo offering six DOF is beyond the scope of this paper. However, we validated experimentally that the haptic interface can be controlled appropriately with a well-tuned PD controller. This means that internal forces exist, but they do not cause any vibration or other parasitic effects that impair the operation of the haptic interface. The implementation of this controller is presented in the following step.
D. Step 4: Hardware Realization of the Octo Kinematics
In the fourth and final step, a suboptimal solution of the Octopod kinematics is implemented. It is based on Ergin's device [8] and depicted in Fig. 8 . Here, we refer to it as the "Octo." The Octo approximates the optimal parameter configuration in which angle γ and length l 2 have not been reduced to zero to facilitate manufacturing. The kinematic parameters were set to Tables III and IV, respectively. The haptic interface is actuated by eight Maxon RE 40 dc motors. The motors are driven by Junus JSP-180-20 modules from Copley Controls, as depicted in Fig. 9 . The Capstan gears have a ratio of 1:13. The six DOF force/torque sensor at the end effector is a Mini27 Titanium from ATI IA. The commands for the motors are generated via MATLAB/Simulink and executed by a Linux real-time kernel at a sampling rate of 1 kHz. Initially, MATLAB scripts and the MATLAB/Simulink Simmechanics toolbox have been tested for the implementation of the forward and inverse kinematics, but finally we decided for MotionGenesis Kane to solve the inverse kinematics problem, since its routines and solver are optimized for real-time applications. Inputs and outputs from the workstation to the haptic interface are managed via Mecovis I/O cards. The control of the haptic interface is governed by an admittance control scheme and the motors are controlled with a PD-controller at position level. This allows the control of the desired torque τ des of the motors, based on their position q and the end effector wrench F. For the experiments, the gains of the proportional-integral- derivative (PID) controller are set to K P = 110, K I = 0, and K D = 0.4. The derivative of the error is additionally filtered with a low-pass filter using the forward Euler method with time constant 700 ms. The prototype was employed to validate our design criteria. First, the workspace was explored for singularity occurrence. Fichter's and Hunt's singularities are avoided within the dexterous workspace, as detailed in Table II . Furthermore, the dexterous workspace of the Octo can be enlarged to cover orientations of up to 30
• around all axes without the occurrence of singularities.
Second, the minima of the worst case output capabilities were verified. The end effector was positioned in the poses of its worst case output capabilities, as indicated by our theoretical analysis. Then, smoothed position step inputs were commanded in the respective directions. For each output capability five trials were executed and the mean was computed. Velocity and acceleration were not tested up to their maxima to avoid excessive wear on the structure. To validate worst case forces and torques, the end effector was blocked. The recorded values are listed in Table V and they show that our design criteria are met.
Last, the stiffness of the prototype was determined. The end effector position was gauged with a dial indicator that measured displacements along the major axes. This experiment was performed in 27 positions at zero rotations in the dexterous workspace. The positions included the center, the corners, as well as the center of each facet and of each edge. The minimum, maximum, and mean stiffness were 1.6 N/mm along the x-axis, 7.9 N/mm along the z-axis, and 4.7 N/mm, respectively. The minima are found on the upper facet of the dexterous workspace at z = 0.375 m.
The experimental results are compared to commercial haptic interfaces in Table VI . It should be noted that the presented kinematics has been designed having its later application in an MR-compatible environment in mind. However, no MRcompatible haptic device that provides six DOF exists such that it could be taken as a reference. The kinematics chosen for comparison here cannot be rendered MR-compatible since either their main actuation principle cannot be changed to an MRcompatible one or they foresee actuators to be floating in space. Both would lead to motion artifacts in an MR scanner. Comparing the Octo to these devices, it is outperformed in terms of force capabilities by the Phantom Premium but its performance is comparable to the Delta.6 and Sigma.7. Moreover, the worst case torque of the Octo lies above the torque of any other device considered for comparison. The workspace of the Octo is only larger than the one of the Maglev 200. The translational stiffness of the Octo is again comparable to the Phantom Premium and outperforms the other devices as far as their performance is known.
IV. DISCUSSION
In this study, we showed that the Hunt-type kinematics shows the best performance compared to the HEXA and Ergin's device, within the chosen workspace and in terms of singularity avoidance, achieving high isotropy as well as output capabilities. However, singularities remain when considering rotations among all axes. Thus, we suggested branch redundancy to reduce this problem. This also improved both output capabilities and isotropy. In order to calculate the worst case output capabilities as well as maximum sensitivities, the "polytope algorithm" has been applied. The computation of output capabilities was performed with a rotational resolution that guarantees reasonable computation times. This leads to a limited power to take conclusions on remaining singularities. Hence, the prototype has been employed to validate the absence of singularities and the worst case output capabilities. An evaluation showed that it has a lower stiffness than commercial devices such as the omega.3 from Force Dimension, which disposes of 14.5 N/mm. Apart from this, the results show a successful implementation of our design criteria. However, velocity and acceleration capabilities were calculated using a rigid body model that does not take into account practical limits resulting from the structural dynamics. Higher output capabilities could be achieved by a more rigid structure and a more advanced control scheme that reduces internal tensions in the overconstrained end effector.
V. CONCLUSION
In this study, we have introduced a novel Octopod kinematics. It has been derived from existing manipulators using a range of dynamic and kinematic performance criteria, such as GII, worst case output capabilities, sensitivity, and singularity occurrence. Typical direct kinematic singularities of 6-RSS manipulators are avoided with this type of kinematics. It outperforms known haptic interfaces with nonfloating actuators and six DOF in terms of worst case force, torque, and acceleration. Future work will be directed toward the design of an MR-compatible haptic interface using the Octopod type of kinematics and improving its stiffness. The interface will then be employed to carry out human motor control studies in MR environments.
